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(54) Dual window wdm optical fiber communication 



(57) Simultaneous dense WDM operation in both 
the 1 31 0 nm and 1 550 nm transparency windows of sil- 
ica-based optical fiber, is enabled by a fiber design pro- 
viding for nulled dispersion within a critically positioned 
wavelength range. Design provides for values of disper- 



sion in both windows sufficiently low for desired per- 
channel bit rate, and, at the same time, sufficiently high 
to maintain effects of non-linear dispersion within toler- 
able limits for WDM operation. Ftoer fabrication and sys- 
tem design are described. 
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EP 0 938 001 A1 

Description 

Field of the Invention 

[0001] Simultaneous wavelength division multiplex operation within the 1 31 0 nm and 1 550 nm transparency windows 
of silica-based optical fiber. 

Background of the Invention 



[0002] A number of noteworthy developments have come into confluence to result in state-of-the-art optical fiber 
communication systems. Wavelength division multiplexed (WDM) systems provide for per-channel bit rates of 2 5 Gb/ 
sec with four channels of 100 GHz separation which, together, constitute a spectral band sufficiently narrow to permit 
simultaneous amplification of the entire WDM channel set by individual erbium-doped fiber amplifiers (EDFA) Several 
amplifier spans, each of 100 km and greater length, are combined to require terminals only at distances of 500 km or 
»* more. 

[0003] While some analog operation persists, new system design emphasizes digital transmission, so that capacity 
is ordinanly discussed in terms of bit rates. It has been recognized that a primary limitation on capacity is spreading 
of individual bits, caused by chromatic dispersion, i.e.. differing wavelength-dependem group velocities for different 
wavelength components of the spectrum making up the pulse. The dispersion limit on bit-rate, or alternatively on dis- 
tance between terminals (spans), corresponds with a degree ol spreading sufficient to result in overlap between suc- 
cessive bit positions. Chromatic dispersion is lessened by use of laser sources of minimal spectral emission bandwidth 
From the fiber standpoint, the fact that the natural material dispersion null point of silica - the basic material of which 
optical fiber is made - occurs within its 1310 nm transparency window, resulted in emphasis on operation at such a 
system wavelength. 

ss [0004] At this stage. 1 31 0 nm oporating systems were tass-limitod, so that decreased fiber attenuation would pormit 
increased span length. It was known that the 1550 nm window offered decreased loss, but that significant dispersion 
at wavelengths in that region would now result in systems that were dispersion-limited, in turn preventing any advantage 
in span length due to reduced loss for contemplated bit rates, and signaling study of means to lessen dispersion The 
desire for operation in the 1 550 nm window was satisfied by a new fiber design - 'dispersion-shifted fiber" (DSF) This 
ao fiber depends upon the combination of two opposite influences -- on the combination of 'waveguide dispersion' with 
the naturally occurring silica 'material dispersion'. Appropriate fiber design increased the magnitude of the waveguide 
disperswn to offset the positive dependence of the material dispersion at the greater wavelength -- so as to "shift" the 
dispersion null point from 1310 nm to 1550 nm. The objective was attained, DSF replaced unshifted fiber (USF) for 
sophisticated, long-haul systems. 

[0005] The desire to increase capacity was largely directed to WDM operation, with its multiple-channel operation 
now in the lower-loss 1550 nm window. At the same time, a competing effort looked to the possibility of simultaneous 
operation in both windows, as a means of increasing capacity. Recognizing the significance of chromatic dispersion 
as the primary limitation on bit-rate, and in recognition of the universally-acclaimed success of DSF which enabled 
operation at 1 550 nm by nulling dispersion at that wavelength, the effort took the form of attempting to null the dispersion 
simultaneously at both wavelengths. The result was the dispersion flattened fiber (DFF). which, analogous to DSF 
depended on crossover between waveguide dispersion and material dispersion - but now required two crossovers 
one within each window. 

[0006] Emergence of the EDFA. with its passband in the 1550 nm window increased the importance of moving 
system operation to this region. That amplifier, with its passband of sufficient width for simultaneously amplifying mem- 
ber channels of a WDM set, offered the first practical WDM operation. (By all reports, this amplifier continues to be 
preferred, although study has made significant inroads on alternative rare-earth doped devices and also on amplifiers 
based on Raman effect See Elec. Lett. . Vol. 32. No. 23. pp. 2164-2165 (Nov. 7. 1996).) 

[0007] The next phase was Iruly remarkable, effectively ending dominance ol DSF. and with it. Ihe DFF with Us 
promise of dual-window operation. 

[0008] TrueWave® fiber is one commercial name given the "Non-Zero Dispersion" fiber (NZF) which has largely 
replaced DSF for state-of-the-art use. U.S. Patent 5.327.516, first teaches that DSF precludes expected high-capacity 
WDM operatton by reason of the very same nulled chromatic dispersion recommending it for highest-capacity single- 
channel operation. It then idontifios lour-wavo mixing (4WM) as tho primary roason for fayuro of WDM to moot capacity 
expectations in DSF systems. 4WM, a non-linear effect, is due to interaction between pulses of adjoining channels, 
which, in introducing sum and difference signals, reduces power level of the two interacting channels. It is of particular 
consequence for usual systems, providing for constant channel-to-channel spacing (lor "evenly spaced" channels), in 
which wavelengths of such spurious signals coincide with carrier wavelengths of other channels of the WDM set. 
resulting in superimposition and reduced signal-to-noise ratio. It then proposes substitution of NZF with its small but 
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critical range of chromatic dispersion. Intended for long-haul operation at a system wavelength of 1 550 nm, the specified 
dispersion at that system wavelength, is shown to be sufficiently low as between components of a pulse spectrum so 
as to permit contemplated per-channel bit rates, while at the same time introducing sufficient dispersion to result in 
periodic phase cancellation between channels of the WDM set, and to lessen the magnitude of transferred signals due 

s to 4WM. (4WM requires simultaneous presence of bits in interacting member channels -- the attained magnitude of 
the growing spurious signal increasing for increasing time in phase. Dispersion as between channels limits interaction 
times, and accordingly sets a limit on the cumulative magnitude of the spurious 4WM signals.) 
[0009] The art has continued to progress. With emphasis on broadened transmission bandwidth, amplification is, to 
lesser extent, satisfied by the traditional EDFA. Raman amplification or, alternatively, amplification based on rare earth 

io dopant, but using praseodymium in lieu of erbium (e.g., the praseodymium-doped fluoride fiber amplifier), shows prom- 
ise of satisfying the desire for WDM operation within the 1310 nm window. Other alternatives have been investigated 
-- as an example, erbium-doped fluoride glass shows evidence of improved gain flattening over the amplification band 
in the 1 550 nm window. 

[0010] It is widely recognized that advantages of long haul optical communication systems might continue to be of 
is value for transmission over shorter distances. The trend toward "all optical networking' is expected to result m replace- 
ment of copper for local access and in metropolitan systems. Needs in such systems would be served by very large 
WDM sets - perhaps a hundred or more channels - perhaps before such large capacity is seen in long haul systems. 

Summary of the Invention 

20 

[001 1] A new silica-based fiber, here referred to as "MetroWave Fiber" (MWF), enables dual window WDM operation 
in medium and short distance systems, e.g., in metropolitan systems, with the contemplated large numbers of closely 
spaced channels desired. Property regarded as a "dual window IMZF", it offers dispersion values, at system wavelengths 
in both transparency windows, which are within the critical range needed both for acceptable per-channel bit rates and 

25 for acceptably low cumulative values of spurious signals due to 4WM among WDM channels. Two contributions arc 
responsible: the first, the shifting of the dispersion null point to a position intermediate the 1 310 nm and the 1550 nm 
operating windows; the second, reducing the slope of the dispersion v. wavelength curve in order to maintain desired 
magnitude of dispersion in broad wavelength regions of both windows. Results may be tailored to favor either window, 
or absolute values of dispersions of opposite sign may be balanced. The mechanisms are readily understood by the 

30 worker of average skill, and are readily implemented. 

[0012] Design needs of MWF are readily satisfied by present commercial fabrication, e.g., with modified chemical 
vapor deposition (MCVD) (U.S. Patent 4,217.027). taking advantage of the design flexibility offered by that process. 
Independently fabricated overcladding tubes, conventionally used together with MCVD core rods in the formation of 
composite preforms from which NZF fiber is then drawn, are advantageous for MWF as well. 

35 [001 3] MWF, at least in systems of modest length - e.g. , systems to 300 km between terminals - represents reemer- 
gence of the promise of dual-window operation. Taken together with other developments, resulting systems, with their 
simultaneous many-channel WDM operation within both the 1 31 0 and 1 550 nm windows, offer system capacities, until 
now unattainable. The new fiber offers capability ol operation with a hundred or more channels, each operating at bit 
rates £2.5 Gb/sec. 

40 [0014] In terms of likely initial use - in metropolitan systems - nodes (e.g. containing optical amplifiers and or pro- 
vision for add/drop) may be spaced by distances of tens of km between nodes, with perhaps 8-16 nodes forming a 
typical Metro Backbone ring. The possibility exists that the principles of MWF design will find application in long-haul 
use. Also, while emphasis is certainly on digital operation, the fiber offers advantage in analog operation - either 
alternative to or simultaneous with digital operation. 

45 

Brief Description of the Drawings 

[0015] FIG. 1 , on coordinales of chromatic dispersion on the ordinate and wavelength on the abscissa, is a plot of 
typical characteristics for various fiber designs, including MWF, with plotted data extending over a wavelength range 

50 encompassing both windows. 

[0016] FIG. 2, on coordinates of dispersion and wavelength, are dispersion plots, showing nominal values and ex- 
pected production excursions from nominal values for an illustrative MWF design. 
[0017] FIG. 3 plots disporskxi slope as a function of wavolength for tho fiber plotted on FIG. 2. 
[0018] FIG. 4, on coordinates of delta value (A) and radial position, is a plot of index profile for the MWF of Example 1 . 

ss [0019] FIGS. 5A-5B, 6A-6B and 7A-7B are paired index profile plots and nominal dispersion plots for alternative 
MWF structures, which, taken together, serve as basis for a discussion of design variations for achieving particular 
operating characteristics. 

[0020] FIG. B is a perspective view of an MWF, dual coated in accordance with conventional practice. 
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2? ?«* 3 perspective view of one ,orm of cable s »™«ure containing grouped MetroWave fibers. 
[0022] FIG. 10 is a perspective view of an AccuRibbon® parallel fiber array. 
[0023] FIG. 11 is a perspective view of a cable containing several FIG. 10 fiber arrays 
[0024] FIG. 12 is a schematic diagram of a metropolitan fiber system 

[002S] FIG 1 3 is a schematic diagram of a multi-stage optical amplifier accommodating dual-window WDM operation 
and suitable for use in the system of FIG 12. ^ ' 



Terminology 



[0026] Dispersion - Wrthout a modifier, refers to chromatic dispersion, a linear effect by which different spectral 
components of a transmitted signal have different group velocities - generally in fiber structures under discussion as 
dependent on thecombmed effects of material properties (material dispersion) and fiber design (waveguide dispersion) 
In digital systems, primarily addressed, dispersion causes pulse spreading and limits capacity. 
[0027] Non-Linear Dispersion - Signal distortion which increases more than linearly - e.g., quadratically - as a 
unction of .ncreasing power density. 4WM is a significant form of non-linear dispersion here addressed, constituting 
the main capacity limitation on state-of-the-art WDM systems. 

l^V J? SP ? rSi0 " C ° mpenSation * Lessenin 9 <* chromatic dispersion by means of successive series-connected 
fiber lengths of opposite sign of dispersion - commonly taking the form of concatenation, using alternating lengths of 
fiber of posrtivedisperstonandnegativedispersion (with alternating fibers of the same order of magnitude of dispersion) 
e.g by use of the balanced cable of US Pat. No. 5.611 .016 (which conlains individual bundles of positive dispersion 
and negative dispersion fiber). Alternatively, compensation makes use of relatively short lengths of compensating fiber 
of large order of magnitude and of opposite sign both relative to fiber being compensated. Preferred systems of the 
invention discussed, generally do not provide for dispersion compensation, although neither form of compensation is 
precluded for still greater system capacity. 

[0029] Wavelength Division Multiplexing (WDM) - Providing for multi-channel operation within a single fiber Chan- 
nels of a set are sufficiently closely spaced to enable simultaneous amplification by an individual amplifier. Contem- 
pt s P ac '"?^ GHz between adjacent channels of a set, are descriptive of 'Dense Wavelength Division 
Multiplexing (DWDM), and the term -WDM", without a modifier, is intended to be inclusive of DWDM Fiber (MWF) 
and systems of the invention are designed to support at least one WDM set in each ofthe 1310 nm and 1550 nm 
windows. Without a modifier, the term is not intended to be generic to 'coarse WDM' 

[0030J Coarse WDM - Providing for multi-band operations within a single fiber. The term refers to combining/sepa- 
rating WDM channel sets (or 'bands') associated with individual optical amplifiers - so that a coarse WDM provides 
for combinng/routing multiple bands associated with multiple amplifiers The term is used with reference to multiple 
bands within a window, as well as to bands within separate windows. 

\~VL S ", ,Ca - Basod F t ll ° eT - 0ptical ,iber ,or si,ica is < he m ajor 9'ass-forming oxide -generally constituting at 
™™ ^ u Pe,C er com P° si,ion (exclusive of coating/s). State-of the-art optical fiber is 'silica-based' 

[0032] Delta (A) - Relative index of refraction values -- as used for measuring fiber profile, the fractional value of 
change in index from that of the outer cladding, divided by the index of the outer cladding 

[0033] Single-Mode Fiber - Optical fiber supporting only a single mode - the fundamental mode - at the intended 
system wavelength. Fiber of the invention is invariably single-mode down to a wavelength shorter than that of intended 
operation in the 1310 nm window (down to a 'cut-off wavelength' at which the fiber becomes two-mode) 
[0034] Core - Innermost region of the fiber with primary responsibility for guiding. It is constituted of material of 
greater index of refraction than that of the clad. Its radial dimension is from the center of the fiber to the onset of material 
of index equal to or less than that of the outer cladding. An idealized core contains no material of as low a value of 
refractive index as that of the outer cladding, although unintended deviations such as the dip characteristic of MCVD 
may conceivably result in a drop to that value. 

[0035] Outer Cladding - Without a modifier, the outermost and major part of the fiber -invariably of lesser index 
lhan lhal defining the core. Its value of refractive index is generally used as basis for the 'delta' values which plolled 
against radius, constitute the common fiber profile diagram. 

KSS J:' 8 *"" 9 ■ 1716 entife, y <* me ,iber outside ,he «»• -- h conventional terminology, not including coatings 

[0037] Window - Wrthout a modifier, a high transparency (or low attenuation) wavelength region of the transmitting 

medium - here of an optical fiber. In silica-based fiber, of primary interest for relevant communication systems in the 

™o« C ' thCfG ar ° ,W ° SUCh windows - ofton identified as the 1310 nm and the 1550 nm windows 

[0038] 1 31 0 nm Window - Range of wavelength values considered to define the window including 1 31 0 nm - varying 

to some extent depending on system needs; for illustrative purpose, from 1260 nm to 1 360 nm 

[0039] 1 550 nm Window - Range of wavelength values considered to define the window including 1 550 nm - varying 

to some extent depending on system needs; for illustrative purposes, from 1460 nm to 1620 nm 

[0040] Operating Window - To large extent a property determined by fiber design, defines that range of wavelength 
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values of both dispersion and transparency appropriate to system operation. For WDM operation, the operating window 
must avoid dispersion values either too low (from the standpoint of 4WM) or too high (for specified bit rate/distance). 
There is an operating window both at 1310 nm and at 1550 nm. 

[0041] Terminal or Terminal Equipment - Equipment entailing conversion from electrical to optical (E/0 conversion) 
or from optical to electrical (O/E conversion) i.e., as between the optical signal transmitted through a fiber and its 
electrical analog as introduced prior to conversion or extracted after conversion. A terminal may be at a terminus of 
the system - operating as transmitter or receiver. Alternatively, it may define a terminus of a fiber span' where it may 
operate as a "repeater - between successive fiber spans as needed to avoid excessive growth in dispersion or ex- 
cessive deterioration in S/N. 

[0042] Node - position providing signal access, e.g. for optical amplification, for addition or routing (add/drop), or for 
spectral inversion. As the term is used in connection with metropolitan systems, signal processing at a node does not 
provide for E/O or CVE conversion (the term, terminal" being reserved for that purpose). 

[0043] Span - Without a modifier, the term specifies fiber length between terminals between a first terminal providing 
for E/O and a second terminal providing for O/E. A span is generally constituted of a series of amplifier spans. 
[0044] Amplifier Span - A fiber length defined by optical amplifiers or, alternatively, one optical amplifier and one 
terminal -- may be synonymous with 'nodal span'. 



Detailed Description 
20 General 



[0045] The primary thrust of the advance is a fiber suitable for medium length, high speed, Vtovelength Division 
Multiplexing (WDM) transmission simultaneously in both the 1310 nm and 1550 nm windows. Analogous to NZF. the 
new fiber has a needed dispersion -- here specified as of absolute magnitude between 1 and 8 psAim-km. now in 

25 regions of both windows. As magnitudo of dispersion decreases, 4-wavo mixing (4WM) becomos more limiting for 
WDM systems. As it increases, its impact on bit-rate or propagation distance becomes significant. 
[0046] None of today's commonly available fibers are satisfactory for dual window, high speed, WDM. This is evident 
from FIG. 1 , which plots typical dispersion values for a variety of fiber types as a function of wavelength. The figure 
includes forbidden regions* representing regions inappropriate for system use based on common design criteria 

30 region 10 of too great a loss, e.g., greater than 0.5 dB/km, due to OH absorption at the "water peak", and region 11 
of too low dispersion shown as in the range of -2 to +2 ps/nm-km. (The ±2 ps/nm-km values of dispersion boundary 
in the Figure refer to preferred minima. System designs may provide for WDM channels of extreme dispersion values 
of ±1 .5 ps/nm-km or even ±1 ps/nm-km. Plotted limits for dispersion and water peak are for purposes of discussion - 
are not intended as rigorous limits. Values discussed as unacceptable are, in a sense, arbitrary - are the consequence 

35 of compromise, e.g., between capacity and span length.) 

[0047] As seen from curve 1 2, unshifted single-mode fiber (USF) has too low a dispersion at 1 31 0 nm to allow WDM 
and too high a dispersion at 1 550 nm to allow high speed transmission without the use of external dispersion compen- 
sation. Similarly, from curve 13, NZF dispersion is too large at 1310 nm, and the particular commercial product (True- 
Wave®), plotted, has too low a dispersion, even for operation in the range of 1 540-1 480 nm, within the 1 550 nm window 

40 Furthermore, both fiber types are limited in their operating windows by a large dispersion slope that limits usable 
bandwidth to a relatively narrow band of wavelengths within the desired dispersion range of 1 .0-8.0 ps/nm-km - al- 
though to a bandwidth sufficient for present-day operation which is generally limited to a single WDM channel set. 
MWF, curve 14. with its flattened slope and its zero dispersion wavelength of about 1400 nm. permits WDM in both 
windows - with operation over a bandwidth at least comparable both with USF in the 1310 nm window and NZF in the 

45 1 550 nm. window. Curve 1 5 is plotted for a fiber considered in conjunction with the invention - 'shifted but unflattened' 
(SUF). i.e., shifted to the same 7^ = 1400 nm crossover as for MWF, but retaining the dispersion v. wavelength slope 
characteristic of USF. SUF has dual window capability, although with a more restricted total operating range than MWF. 

Fiber Design 

so 

[0046] Locating the dispersion null point intermediate the 1310 nm and 1550 nm windows - in present day fibers, 
in a region of high loss due to -OH absorption - an invariant requirement for MWF, is readily accomplished. Use is 
made of the same mochanism as in DSF (or in usual NZF) to shift tho dispersion null point away from that dictated 
solely by material dispersion. Zero dispersion, now at the nominal wavelength value of ^=1400 nm, representative of 
ss a usual range of from 1 350 nm to 1 450 nm, may yield balanced values of dispersion, values within the range of 1 .0-8.0 
or preferably 2.0-7.0 ps/nm-km in both windows - of negative sign in the 1310 nm window and of positive sign in the 
1550 nm window. MWF is properly regarded as a dual window NZF design, and the new fiber may satisfy certain NZF 
requirements for operation at 1550 nm. However, provision for simultaneous operation in the 1310 nm window may 
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result in somewhat smaller mode field diameter, and thus in effective area smaller than that of optimally designed 
present-day NZF Effective areas for MWR are generally >42 M m 2 .-while they may overlap the value of 50»im2 typical 
of NZF, are typically in the range of 42-49um 2 . (For definition of effective area, see Opt Lett., Vol. 1 9. No. 4. pp. 257-259 
(February 15, 1 994).) Decreasing effective area increases power density, and, accordingly! aggravates effects of non- 
• 5 linear dispersion. This compromise of small mode field, needed for single-mode operation in the 1 31 0 nm window, and 
thus far required for flattened dispersion slope, results in non-linear effects which, while still tolerable for the relatively 
short distances envisioned for metropolitan systems, are inferior to those of optimally designed NZF 
[0049] The mechanism used for dispersion flattening in MWF may not have been used previously. While certainly 
related, it is regarded as different from the mechanism responsible for earlier flattened" fiber. Attainment of the then- 
10 desired nulled dispersion in both windows was the result of two separate material-waveguide crossovers, one at 1 310 
nm and the other at 1550 nm. Low slope accompanied change in sign of the slope between the null points. 
[0050] Attainment of "non-zero" dispersion, rather than zero dispersion at system wavelengths in the transparency 
windows, generally precludes dispersion null points in either window - any long-wavelength crossover is necessarily 
at a wavelength value well beyond that of any intended carrier wavelength in the 1550 nm window. Low dispersion 

is slope, a requirement for all MWF designs, is a consequence of a multiple-layer structure such as that shown in FIG 4. 
The depressed index region 41 is of particular importance. Low wavelength dependence of dispersion (curve 30 of 
Fig. 3) is due to compensation of two phenomena. In general, group delay increases with wavelength, a prime deter- 
minant of dispersion slope at system wavelengths in bulk silica and in usual silica-based fiber. It is also true however, 
that, with increasing wavelength, the guided mode becomes less confined to the core region - spreads out into sur- 

20 rounding regions. Group delay is a function of the weighted average of delays experienced by the mode across the 
wave front. Accordingly, increased penetration of longer wavelengths into lowered-index region 41 , in reducing average 
index of refraction and thereby decreasing the weighted average delay time for increasing wavelength, offsets the 
increase in delay due to increasing wavelength (offsets the inherent material characteristic). A lowered-index region 
or trench", such as region 41 specified for the purpose of lessening dispersion slope in MWF. Reduced index of 

2B refraction of tho trench of 0.05% - preferably of 0. 1 % - relative to tho outor cladding flattens tho disporsion sufficiently 
to assure a substantial region of desired non-zero dispersion in each window (for a null point located at the nominal 
value of 1 400 nm). 

[0051] "Ring" 42 - an annular region of increased index relative to that of the outer cladding 43 - is likely to be 
included in commercial MWF The primary purpose of this increased-index region is not dispersion flattening, but con- 
30 cerns minimization of bend loss. In general terms, bending loss - on the value of A at the interface of the ring and 
succeeding regions (here of outcladding 43) is affected by the effective index seen by the traveling wave front relative 
to the outer cladding, while flattening depends primarily on the characteristics of the trench itself, so that introduction 
of the ring may reduce bend loss without significantly impacting slope. 
[0052] An illustrative specification table for MetroWave Fiber is presented' 

35 



MWF Specification Table 


Attenuation at 1550 nm 


^0.25 dB/km 


Attenuation at 1310 nm 


<0.50 dB/km 


Effective area at 1550 nm 


>42\ixv£ 


Core eccentricity 


Less than or equal to 0.8ujti 


Cladding diameter 


125±2.0u.m 


Cut-off wavelength 


<1250nm 


Zero-dispersion wavelength 


1350 nm-1450 nm 


Dispersion at 1310 nm 


-3.0 to -8 ps/nm-km j 


Dispersion at 1550 nm 


+3.0 to +8 ps/nm-km 


Dispersion slope at 1550 nm 


0.01-0.05 ps/nm2-km 


Macrobending loss at 1310 nm 


<0.5dB (1 turn, 32 mm) 


Macrobending loss at 1550 nm 


<0.05dB (100 turns. 75 mm) 


Coating diameter 


245 +10um 


Proof test 


100 kpsi 


Reel lengths 


2.2, 4.4, 6.4, 8.8, 10.8, 12.6, 19.2 km 



[0053] A typical dispersion curve for MetroWave fiber is shown in FIG. 2. The nominal dispersion (solid curve 20) is 
about +6 ps/nm-km at 1550 nm and -6 ps/nm-km at 1310 nm. With present technology, these values of dispersion 
allow 1 0 Gb/s non-rctum-to-zoro (NRZ) transmission for fiber lengths up to about 1 60 km without the need for dispersion 
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compensation - adequate for contemplated systems over distances anticipated in metropolitan areas. At moderate 
power levels (< 4 dBm/channel), WDM requires about 1 ps/nm-km for channels at spacings of 100 GHz (equivalent to 
0.57 nm and 0.80 nm at 1 31 0 nm and 1 550 nm. respectively), and about 4 ps/nm-km for spacings of 50 GHz (equivalent 
to 0.29 nm and 0.40 nm at 1310 nm and 1550 nm, respectively). With±1 ps/nm-km production variations from nominal 
5 values (dashed curves 21, 22), yielding a dispersion range of 2 to 7 ps/nm-km. WDM operating windows (from FIG 
1 ) are 1260 to 1 360 nm and 1 460 to 1620 nm for 100 GHz spacings, equivalent to 210 and 194 transmission channels, 
respectively. 

[0054] Curve 30 of FIG. 3, shows a dispersion slope of value within the approximate range of 0.03-0.04 ps/nm 2 -km 
in the 1550 nm window. As compared with a value of 0.075 ps/nnr^-km characteristic of NZF, the tower slope of MWF 

io permits a comparable operating range in the 1 550 nm window despite the lower dispersion null point. 

[0055] FIG. 4 shows normalized refractive index difference Cdefta') as a function of radial position for the four-region 
fiber which served as the basis for the preceding figures. The germano-silica core 40 is surrounded by a trench 41 , i. 
e., an annular region of depressed index, in this instance, composed of fluorine-doped silica. Surrounding the trench 
is a raised index germano-silica ring 42, in turn within outer cladding region 43 - in this specific instance, of undoped 

T5 silica. Core region 40 shows a depressed-index central region (or "dip") 44 characteristic of MCVD-produced fiber. 
"MCVD dip" 44 serves no function, but does not unduly interfere with operation of the fiber. 

[0056] The abrupt discontinuities at the region boundaries can only be approached in real fiber. In terms of the critical 
transition from core region 40 to trench 41 , the change in index can occur over a region of less than 0.1 millimeter in 
a typical MCVD preform, corresponding to an index gradient of absolute value greater than 2%/mm. Agreement be- 
20 tween the calculated results which use the idealized pronie and measured results for actual fiber made from such a 
preform, demonstrates that MCVD is adequate for the purpose. 

[0057] However, fabricating well defined fluorine-doped, depressed-index layers using the soot processes, i.e , OVD 
and VAD, requires modification of standard OVD or VAD if design compensation is not to be made. The high diffusivity 
of fluorine in the porous, unvitrified soot is a particular problem. It results in smearing (in lowered delta values) at the 
2S region boundaries during the vitrification step which, as practiced in standard OVD or VAD, is conducted on the still- 
particulate total deposit. Introduction of intermediate full or partial vitrification steps, before and after deposition of the 
fluorine doped layers constituting the trench, remedy the problem. 

Example 

30 

[0058] The structure of the fiber, or more concisely of the preform resulting in the fiber of FIGS. 1-3. is described 
with reference to FIG. 4. Preform profile data is consistent with operating data for the fiber (on which profiling is not 
conveniently conducted). 

[0059] The core region 40 consists of silica doped with germanium and extends from the center to a radius of about 
35 3.5um The germanium concentration is adjusted to result in a radial variation, of the core delta as a function of radius 
that can be described by the alpha profile law: 



A(r)= A 0 [1 -(r/a) a ] 

where r is radial position within the core, a is the core radius, a is the profile shape parameter and is the delta value 
at the center of the fiber disregarding the central dip 44 (the peak index value of the core). The nominal values of these 
parameters for this example are: a = 3.5 nm, a = 5, = 0.55 %. The presence ofthe central dip is due to volatilization 
of genmania from the exposed inner surface of the MCVD deposit during collapse and is inherent in usual MCVD 
processing. Although the presence of this region is unintended, its presence is assumed and its effect on the final fiber 
transmission properties is accounted for in the design. The germania concentration required to achieve the peak index 
level of 0.55% is approximately 7 weight percent. The core region of a preform fabricated by MCVD or OVD typically 
consists of 5 or more annular layers, each made with a separate deposition pass. The germania concentration of each 
layer is adjusted to yield the desired radial index grading. If fabricated using the VAD process, the burner is designed 
to yield the desired gradient across the axially growing core region. 

[0060] Trench 41 is silica which is down-doped with fluorine. It may also contain small amounts of germania or other 
dopant, e.g., to lessen strain or for fine profile adjustment. The constant delta value of -0.24 %, shown for the trench 
in FIG. 4, roquirod a fluorino concentration of about 1 .5 wt.%. Tho nominal width of tho trench in tho drawn fibor is 2.5 
nm. Fabricated by MCVD (or OVD), this region consists of about four (generally identical) deposition passes. In VAD, 
a single, axially-grown layer forms the trench region. Achieving the well-defined fluorine-doped region with OVD or 
VAD is problematic because of fluorine diffusion in the highly porous soot bouie. As discussed, diffusion may be min- 
imized by partially or fully vitrifying individual regions as deposited. Vitrification at this stage may be carried out in a 
fluorine-containing environment to lessen volatilization-loss as well. 



?OOCID:<EP O9380O1A1 1 > 



7 



EP 0 938 001 A1 



[0061] Ring 42 consists of silica doped primarily with germanium. The nominal delta of +0.07% requires a germania 
concentration of about 1 wt.% - an index increase >0.05% relative to the outer cladding is effective in limiting mode 
spreading, and substantially reduces bending loss The nominal width of the ring is 1.5 urn. Here, again, this region 
corresponds with a few MCVD or OVD deposited layers, or with a single axially-grown VAD layer. The outercladding 
43 is undoped silica. It may be consist, in its entirety, of material deposited by one of the standard vapor-transport fiber 
fabrication processes, or it may. in part, be produced from an overcladding tube forming part of a composite preform 
The outer cladding extends from the outer diameter of ring 42 to the outer diameter of the fiber, typically of a fiber 
nominally of 125um o.d. 

[0062] Tabid summarizes the values of the 9 parameters that specify the index profile of MWF 14shown in Figure 1. 

Table 1. 



Parameter 


Nominal Value 


Expected Tolerance 


Core A 


0.55 % 


±0.02% 


Core a 


5 


± 1 


Core Radius 


3.5um 


± 0,1pm 


Trench A 


-0.24 % 


±0.025% 








Trench Width 


2.5um 


± 0.25pm 








Ring A 


0.07 % 


±0.007% 


Ring Width 


1.5usn 


±0.25|im 








Outer Cladding A 


0.0% 


N/A 


Outer Cladding Width 


55um 


N/A 



[0063] The values listed in the column labeled 'Nominal Value" are the targets for attaining desired mode field radius 
dispersion profile, and bending loss. The values listed in the column labeled "Expected Tolerance' defined the ranges 
required to maintain dispersion within a range of ±1 ps/nm-km about nominal values 

[0064] Table 2 lists ranges of parameter values of MWF. It should be kept in mind that vaJues listed are minima and 
maxima for individual parameters, and do not represent a design prescription as taken together. For example, combining 
maximum values - or alternatively minimum values - of all listed parameters, will likely not result in effective design 
Effective design must satisfy both shifting and slope flattening criteria described above 



Table 2. 



Parameter 


Range 


Core A 


0.40 to 0.60% 


Core a 


1 tO oo 


Core Radius 


3.0 to 4.0pm 






Trench A 


-0.1 to -0.3% 


Trench Width 


1.5 to 6.0um 






Ring A 


0.0 to 0.3% 


Ring Width 


1 to 5pm 






Outer Cladding A 


NA 
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Table 2. (continued) 



10 



15 



20 



25 



30 



40 



45 



SO 



55 



Parameter 


Range 


Outer Cladding Width 


NA 



[0065J Consistent with general practice, profile values, both in the Tables and olsowhero, arc in terms of delta values 
This practice is useful in two regards: absolute values of index are difficult to measure: and, to first approximation fiber 
parameters, with the exception of loss, scale as the relative rather than absolute values of index. Replacing the undoped 
silica outer cladding of the fiber of FIG. 4. e.g.. with down-doped material, has no first order effect on dispersion slope 
so long as other regions (core, trench, ring) are changed accordingly - i.e.. so long as delta values are not altered 
While increasing index of the outer cladding has little aflect on such properties, concomitant need to increase core 
dopant concentration, to maintain A. may increase loss to undesirable levels. MCVD facilitates attainment of such 
down-doped regions, e.g.. by use of suitable MCVD substrate tubes and/or overcladding tubes. 
[0066] FIGS. 5A-5B, 6A-6B and 7A-7B illustrate the extensive design and dispersion variations studied FIGS 6A- 
6B are illustrative of the fiber of FIG. 4 (two annular regions, i.e.. reduced index "trench" 61 and increased index "ring" 
62. intermediate core 60 and outer cladding 63). FIGS. 5A-5B represent MWF desiqns with but a single annular reqion 
51 (trench 51 ), intermediate core 50. and outer cladding 52. FIGS. 7A-7B are based on a structure providing for three 
annular regions 71 , 72, 73 about core 70 -- three successive regions of successively reduced, increased, and reduced 
index, relative to the outer cladding 74. While the profiles of FIGS. 6A and 7A include characteristic "MCVD dips" -- 
depressed regions 64 and 75. respectively. Ihe schematic profile of FIG. 5 does not. Study has included a variety of 
profiles, many of more gradual change in delta value; many including additional regions. In general, design criteria 
concerning such variations are consistent with general experience. 

[0067] The functions of the various regions have been discussed. It is expected that commercial MWF product will 
necessarily include at least a first annulus -- at least one "trench" of reduced index as set forth on Table 2 This first 
trench region is required for dispersion flattening needed for simultaneous WDM operation in both windows It has 
been indicated that the second annular region - the "ring" - has the effect of increasing guiding strength (of reducing 
bending loss) while having little effect on flattening. The third annulus. of still lesser relative effect on flattening has 
been used for Tine tuning" the fiber performance. It will be recognized that all figures show the well-defined regions of 
prototype structures. Real slruclures may show familiar varialions. either inlenlional or unintentional - with known 
effect. 

[0068] FIG. 8 depicts a dual coated MWF 80. with primary coating 81 and secondary coating 82. Fiber 80 consists 
of core region 83 and clad region 84. The clad is shown as including trench 85 and outer cladding 86. 
[0069] FIG. g depicts one form of commercial cable described in AT&T Liqhtouide Cable . December 1990 It is 
35 constituted of Iwo bundlos 90. oach bundle containing 1 2 color-codod fibors 9 1 . hold together by an encircling covoring 
92. Individual fibers 91 are of the general design of that of FIG. 8. but in this instance, include a tertiary coating provided 
with a color identifier. The complete structure includes cable-filling compound 94. core tube 93 and two protective 
structures each constituted of a water-blocking tape 95 and a polyethylene jacket 96. each structure reinforced by steel 
wires 97. 7 

[0070] FIG. 1 0 shows a commercially^vailable parallel fiber array, known as AccuRibbon®. The commercial article 
consists of 12 fibers 100 and matrix material 1 01 . 

[0071] FIG. 11 shows a cable containing groupedfibers in the form of planar arrays 110. Crossply sheath 111 is filled 
with cable-filling compound 1 1 2. The particular structure shown is an under-water armored cable, including overwrap- 
pings constituting conductive shield 113, coated stainless steel protective layer 114, and bonded jacket 115. 

Fiber Fabrication 

[0072] MWF designs are profiled to reduce dispersion slope. Most effective flattening relies on introduction of steep 
index variations. One fiber fabrication process in particular. MCVD. is useful. Inherent MCVD deposition entailing layer- 
by-layer deposition and substantial consolidation (vitrification) of each layer prior to deposition of the succeeding layer, 
minimizes diffusion of dopant between layers -- an objective to which usual soot processing, either outside vapor 
deposition (OVD). or vapor axial deposition (VAD). is not as well suited. Such soot processes may be modified to better 
enable retention of steep gradients, e.g.. by periodically halting deposition and consolidating in step-wise fashion with 
a consolidation step lor each deposited layer or group of layers. Overcladding procedures, generally practiced with 
MCVD, are useful, too. Future generations of MWF are likely to use severely down-doped cladding tubes The MCVD 
support tube - within which deposition takes place in the course of preform fabrication, itself, may provide down-doped 
(or up-doped) regions resistant to dopant migration during subsequent deposition. It is conceivable that an early de- 
scribed variation of sool processing, inside vapor deposition (IVD), may serve the purpose of the MCVD support lube 
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Systems 



[0073] The MetroWave fiber offers high-capacity system operation without need for the dispersion compensation 
required for dual-window operation -- particularly for dual-window WDM operation - with NZF or USF Provision for 
compensate - either using concatenation or by use of high-dispersion specialty fiber » in principle, at least permits 
operation of NZF or USF in its 'closed' window. Dispersion compensation, however, is costly and adds engineering 
complexity. While not equal in performance to MWF fiber, dual window operation, although of lesser capacity, is offered 
by a «ber which is simply shifted (but unflattened). Such a fiber, e.g.. fiber 15 of FIG. 1. of dispersion slope resembling 
that of DSF, but without the dispersion flattening associated, e.g. with a reduced-index 'trench' of MWF. has its cross- 
over shifted to a wavelength within the water peak. Possible utilization of such a 'shifted but unflattened fibe/' (SUF) 
is contemplated in systems described. While inferior to MWF from a performance standpoint, fabrication of the fiber is' 
less involved, resulting in cost advantage. 

[0074] FIG. 1 2 is an illustrative MetroWave system. The schematic diagram includes Metro Backbone rings 1 20 and 
121. generally configured as SONET rings. Rings contain from 8 to 1 6 nodes 1 22 defining 10-40 km-length nodal spans 
1 23. Ring circumference is typically 1 20-200 km. A usual node 122 is provided with an optical amplifier and means for 
adding or dropping channels. Designated channels may be added or dropped at a node, while at the same time, other 
channels, perhaps amplified, will be retained in the ring and transmitted to a succeeding node. The Figure shows two 
rings 120 and 121 linked through a common node. In operation, any given channel is enabled to travel from any 
particular node to any other node, either on the same ring or on the adjoining ring. Design experience has ordinarily 
led to a maximum 'wavelength path" distance on the order of 300 km. 

[0075] Each node 122 likely includes an optical router (a 'WDM' or "DWDM', with such term now designating the 
element responsible for performing the multiplexing/demultiplexing functions fundamental to state-of-the-art WDM) A 
node may include provision for adding/dropping. Add/drop equipment accomodates local distribution of electrical, rather 
than photonic, signals, and must include means for O/E or E/O conversion. Two conventional forms of local distribution 
aro shown -- accoss ring 1 24 and accoss star 1 25. ft is anticipated that photonic local distribution will replace electronic 
d.stnbut.on. Photonic distribution systems may continue to take the form of rings or stars - possibly constructed of 
MetroWave fiber of the invention, although, less costly USF may be adequate for the purpose. The Figure shows 
connection made with long-haul networks 126 and 127. Utilization of MetroWave fiber for long haul, as discussed is 
not precluded. For usual long4iaul purposes, however, it is expected that a form of NZF fiber will continue to be pre- 



[0076] Figure 13 is a schematic representation of a multi-stage 1310/1550 nm optical amplifier, representative of 
amplifiers included in the nodes of the Metro Backbone rings of FIG. 12. The amplifier shown is suitably used with the 
claimed systems, providing for simultaneous amplification of WDM channel sets in both windows. The amplifier shown 
provides tor first separating the two bands - the 1 310 band and the 1550 band » as introduced on incoming fiber line 
130. Band separation is accomplished by WDM 132. property regarded as 'coarse WDM' 132 (to differentiate it from 
routers accommodating closely spaced channels of a WDM channel set). The 1310 nm and 1550 nm bands, now 
separated at 132, are routed along fibers 133 and 134. respectively, until coarse WDMs 135 separate them into com- 
ponent WDM sets. The 1 310 nm band is shown as yielding three WDM sets 1 36. 1 37 and 1 38. which then pass through 
amplifiers 1 39. 1 40 and 1 41 . thence to be recombined at coarse WDM 1 40. At the same time, the 1 550 band is separated 
into WDM sets 141. 142. 143. 144 to be amplified respectively at amplifiers 145, 146. 147. 148. and recombined by 
coarse WDM 1 49. Finally, the amplified sets travel through fiber lines 150 and 1 51 , are combined by coarse WDM 1 52 
and exit over line 153. 

[0077] The multi-stage amplifier of FIG. 1 3 is designed with a view to today's state-of-the-art. The significance of the 
EDFA in advancing WDM. due to its initial gain bandwidth of perhaps 12 nm. and its capability of simultaneously 
amplifying member channels of a WDM set. is recognized. Present day EDFAs have a greater bandwidth - perhaps 
35 to40 nm - owing to use of gain equalization fitters which lessen the structure of the naturally occurring gain spectrum 
Even this expanded bandwidth will be insufficient for the entire 1 550 band now made available by the present invention 
which, by one measure, encompasses the 160 nm range from 1460 nm to 1620 nm. The arrangement shown in the 
Figure provides for four amplifiers, with only 1 47 and 1 48 constituted of erbium-doped fiber. The design shown assumes 
amplifiers 145 and 146 to be Raman amplifiers, operating over the shorter wavelength portion of the 1550 nm band. 
WDM sets of the 1310 band are amplified by Raman amplifiers, as well. Amplifiers 139, 140 and 141 are designed to 
accommodate the three subbands 136-138, together representing the usable 1260 nm-1360 nm window illustratively 
availablo to MWF. 7 

[0078] A considerable effort has been directed to design of multi-stage, very broadband optical amplifiers. A paper 
by M. Yamada et al., in Vol. 33, No. 8. Eleo Lett, in April 10. 1997. at pages 710, 711. is representative. The parallel 
configuration shown combines two eibium-doped fiber amplifiers, the first using conventional silica-based glass and 
operating with an amplification band centered at 1550 nm, and the second using erbium-doped fluoride-based glass 
and operating with an amplification band centered at 1580 nm The cascaded structure is regarded as having a flat 



0938001 A1_l_> 



10 



EP 0 938 001 A1 



amplification bandwidth of 54 nm by the designer. 

[0079] Amplification over a 1550 nm optical bandwidth of 80 nm, has been demonstrated. A paper by Yan Sun et 
al., Proceedings of the 1997 11th International Conference on Integrated Optics and Optical Fibre Communications 
and 23rd European Conference on Optical Communications . IOOC-ECOC '97, Part 5 (of 5). 9/22-25/97, describes a 

s two-band architecture (1570 nm-1600 nm, 'L-band" and 1525 nm-1565 nm, 'C-band"). entailing two stages - a first 
common to both bands, and a second stage having distinct gain sections in parallel. With its 80 nm of bandwidth, this 
amplifier accommodates 100 WDM channels with the proposed ITU standard channel spacing of 100 GHz. 
[0080] Raman amplifiers, shown as operating in the 1310 nm window as well as for the two shorter wavelength 
subbands in the 1550 nm window, have enabled a useable bandwidth of 25-30 nm (see U. S. Patent 5,623,508, issued 

10 April 22 : 1997). Comparable with a stateof-the-art EDFA, a major part of the 1260-1360 nm 1310 nm window, now 
made available, is accommodated by a three-stage Raman amplifier. 
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Claims 



1. Article comprising at least one optical fiber suitable for use in wavelength division multiplex systems, the fiber 
including a core and a clad, having an attenuation at 1550 nm s 0.25 dB/km, having a cut-off wavelength of less 
than 1 300 nm and a dispersion slope at 1 550 nm <, 0.06 ps/(nm2-km), the fiber having an average value of chromatic 
dispersion at 1 550 nm, as measured over a fiber length of at least 2.2 km. which is of positive sign and of magnitude 

*0 in the range of 1 .0-8.0 ps/nm-km, 

CHARACTERIZED IN THAT 

the said fiber has a dispersion null point within the wavelength range of from 1350 nm to 1450 nm, and in 
that it has an average value of chromatic dispersion at 1310 nm, as measured over a fiber length of at least 2.2 
km, which is of negative sign and of magnitude in the range of 1 .0-8.0 ps/hm-km. 

25 

2. Article of claim 1 in which the fiber is encompassed within a coating, in which the index-of-ref raction of the clad 
varies as measured radially, in which the clad is comprised of an outer cladding and a first annular region inter- 
mediate the core and outer cladding, the first annular region being of reduced index relative to the outer cladding. 

30 3. Article of claim 2 in which the first annular region is adjacent the core and is of index of average absolute value at 
least 0.1% less than that of the outer cladding, and in which the fiber has a dispersion slope at 1550 nm < 0.05 
psAnnr^-km). 

4. Article of claim 3 in which the clad includes a second annular region adjacent the first annular region, the second 
35 annular region being of increased index relative to the outer cladding. 

5. Article of claim 4 in which the second annular region is of index of average value at least 0.05% greater than that 
of the outer cladding. 

40 6. Article of claim 5 in which the clad includes a third annular region adjacent the second annular region, the third 
annular region being of reduced index relative to the outer cladding. 

7. Article of claim 2 in which the fiber is encompassed within dual coatings including a primary coating in direct contact 
with the fiber and a secondary coating about the primary coating. 

8. Article of claim 2 including a plurality of optical fibers within a sheathing, so defining a cable. 

9. Article of claim 8 including grouped fibers. 

10. Article of claim 9 in which grouped fibers consist of groups, each in the form of a planar array. 

11. Article of claim 2 comprising reeled product. 

12. Article of claim 1 in which the average value of chromatic dispersion both at 1550 nm and 1310 nm is of magnitude 
S5 in the range of 2.0-7.0 ps/nm-km. 

13. WDM optical waveguide system comprising: a transmission line of optical fiber, the transmission line including at 
least one fiber span connecting first and second terminals; the first terminal including a first means for generating, 
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modulating, and multiplexing a first set of modulated WDM channel carriers of a first system wavelength for in- 
troduction into the fiber span; the second terminal including a second means for performing functions including 
demultiplexing the first set of modulated channel carriers; the fiber span including optical amplifiers- in which at 
least 90% of the fiber span consists of non-zero dispersion fiber having an average value of chromatic dispersion 
at 1 550 nm within the range of +1 .0 to +8.0 ps/nm-km, and having average attenuation at 1 550 nm < 0 25 dB/km 
in which the fiber span includes at least one optical amplifier; in which the first system wavelength is within a first 
low-attenuation window of the non-zero dispersion fiber, the first window comprising a first wavelenqth band in- 
cluding 1550 nm, 

CHARACTERIZED IN THAT 

the said non-zero dispersion fiber has: a dispersion null point within the wavelength range of from 1350 nm 
to 1450 nm; an average value of chromatic dispersion at 1310 nm within the range of -1.0 to -8.0 ps/hm-km and 
attenuation at 1 31 0 nm < 0.50 dB/km; and in that the first terminal includes third means for generating, modulating 
and multiplexing a second set of modulated WDM channel carriers of a second system wavelength, for introduction 
into the said fiber span, and in that the second terminal includes fourth means for performing functions including 
demultiplexing the second set of modulated channel carriers; in which the second system wavelength is within a 
second low-attenuation window of the non-zero dispersion fiber, the second window comprising a second wave- 
length band including 1310 nm. 

14. System of claim 13 in which the fiber span comprises a plurality of nodal spans, each nodal span comprising a 
length of the non-zero dispersion fiber interconnecting fiber nodes; in which at least some nodes include optical 
amplifier means for amplifying the first and second sets of modulated channel carriers; and in which at least some 
nodes include means for adding or dropping selected carriers of the sets. 

15. System of claim 14 in which the fiber span is a portion of a metro backbone ring. 

16. System of claim 15 in which at least some nodes are connected with access lines for distributing selected carriers 
of the sets. 

1 7. System of claim 1 4 in which such an amplifier means consists of a multi-stage amplifier for simultaneously ampli- 
30 tying at least selected channels within the first and second sets of modulated channel carriers. 

1 8. System of claim 1 7 in wh ich the multi-stage amplifier includes separating means for separating the first and second 
sets, set amplifiers for amplifying channels of the sets, and combining means for recombining the now-amplified 
sets. 
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FIG. 6 A 
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FIG. 7 A 
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FIG. 8 
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